Abstract. The treatment of pancreatic cancer, one of the most aggressive gastrointestinal tract malignancies, with current chemotherapeutic drugs has had limited success due to its chemoresistance and poor prognosis. Therefore, the development of new drugs or effective combination therapies is urgently needed. Cotylenin A (CN-A) (a plant growth regulator) is a potent inducer of differentiation in myeloid leukemia cells and exhibits potent antitumor activities in several cancer cell lines. In the present study, we demonstrated that CN-A and phenethyl isothiocyanate (PEITC), an inducer of reactive oxygen species (ROS) and a dietary anticarcinogenic compound, synergistically inhibited the proliferation of MIAPaCa-2, PANC-1 and gemcitabine-resistant PANC-1 cells. A combined treatment with CN-A and PEITC also effectively inhibited the anchorage-independent growth of these cancer cells. The combined treatment with CN-A and PEITC strongly induced cell death within 1 day at concentrations at which CN-A or PEITC alone did not affect cell viability. A combined treatment with synthetic CN-A derivatives (ISIR-005 and ISIR-042) or fusicoccin J (CN-A-related natural product) and PEITC did not have synergistic effects on cell death. The combined treatment with CN-A and PEITC synergistically induced the generation of ROS. Antioxidants (N-acetylcysteine and trolox), ferroptosis inhibitors (ferrostatin-1 and liproxstatin), and the lysosomal iron chelator deferoxamine canceled the synergistic cell death. Apoptosis inhibitors (Z-VAD-FMK and Q-VD-OPH) and the necrosis inhibitor necrostatin-1s did not inhibit synergistic cell death. Autophagy inhibitors (3-metyladenine and chloroquine) partially prevented cell death. These results show that synergistic cell death induced by the combined treatment with CN-A and PEITC is mainly due to the induction of ferroptosis. Therefore, the combination of CN-A and PEITC has potential as a novel therapeutic strategy against pancreatic cancer.
Introduction
Pancreatic cancer is one of the most aggressive malignancies and is associated with high mortality and a 5-year survival rate of ~5% (1) . The lethality of pancreatic cancer is characterized by rapid invasion of the surrounding tissue, early metastatic disease, and poor responses to standard chemotherapy and radiotherapy (2) . Surgical resection and chemotherapy regimens, which include gemcitabine, currently provide the best clinical benefits. Gemcitabine has been the reference drug for the treatment of this often fatal disease for more than 10 years (3) . A number of new anticancer drugs have been introduced in the last decade with the aim of improving the survival of pancreatic cancer patients. Despite continuous efforts to develop new agents, none of the currently available chemotherapeutic agents have an objective response rate higher than 10% (4, 5) . Therefore, there is an urgent need to develop better therapeutic strategies for pancreatic cancer.
Several recent studies suggest that dietary phytochemicals offer chemopreventive effects against many types of malignancies (6) . Furthermore, epidemiological evidence revealed an inverse relationship between the intake amount of dietary isothiocyanates (ITCs) and cancer risk (7, 8) . Among all ITCs, phenethyl isothiocyanate (PEITC) has reached the level of phase 2 clinical trials for lung and oral cancer prevention (9, 10) . PEITC is a well-known phytochemical found in its glucosinolate precursor form in cruciferous vegetables such as watercress and broccoli (9, 11) . Due to its potential use in preventive medicine and as a cancer therapeutic agent, PEITC has attained great significance as an anticancer agent (12) .
Combined treatment with cotylenin A and phenethyl isothiocyanate induces strong antitumor activity mainly through the induction of ferroptotic cell death in human pancreatic cancer cells
PEITC has been shown to inhibit cancer cell growth, survival, and angiogenesis in many cancer cell lines (9) . Furthermore, it is a potent generator of reactive oxygen species (ROS) (13, 14) . Drug screening studies recently discovered that Ras transformation renders cells sensitive to ROS-induced, non-apoptotic, iron-dependent mode of cell death (15, 16) . This mode of programmed necrosis, termed ferroptosis, is characterized by the loss of redox homeostasis, increased lipid peroxidation, and inhibition by the small molecule ferrostatin-1 (Ferr-1) or iron chelator deferoxamine (17, 18) . However, PEITC-induced ROS-ferroptosis pathway-mediated pancreatic cancer cell death has not yet been evaluated. We previously determined whether inducers of differentiation in leukemia cells also have the ability to control the growth of solid tumors. Cotylenin A (CN-A), which is a fucicoccan-diterpene glycoside with a complex sugar moiety, was originally isolated as a plant growth regulator and has been shown to affect several physiological processes in higher plants (19) . We previously reported that CN-A exhibits potent differentiation-inducing activity in several human and murine myeloid leukemia cell lines and in leukemia cells freshly isolated from patients with acute myeloid leukemia (20) (21) (22) (23) .
We recently demonstrated that CN-A significantly potentiated the arsenic trioxide-induced inhibition of cell growth in a liquid culture, and arsenic trioxide-induced inhibition of anchorage-independent growth in a semisolid culture in human breast cancer cells (24) . Furthermore, we found that the pretreatment with N-acetylcysteine, a typical ROS scavenger, significantly reduced combination treatment-induced cell growth inhibition (24) . These findings suggest that oxidative responses are important events in the corporative inhibition of the growth of cancer cells induced by the combined treatment with CN-A and arsenic trioxide. We then hypothesized that CN-A-induced antitumor activity against solid tumors including breast and pancreatic cancer is enhanced by ROS inducers. In the present study, we found that CN-A and PEITC, as a model ROS inducer to test this hypothesis, synergistically inhibited the proliferation of MIAPaCa-2, PANC-1 and gemcitabine-resistant PANC-1 cells. Our results also suggest that synergistic cell death induced by the combined treatment with CN-A and PEITC is mainly due to the induction of ferroptosis, while CN-A or PEITC alone cannot induce ferroptosis in pancreatic cancer cells.
Materials and methods
Cell culture. The human pancreatic cancer cell lines MIAPaCa-2, PANC-1 and CFPAC-1 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). PANC-1/GR cells were obtained after a long-term culture in the presence of gemcitabine. These pancreatic cancer cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) at 37˚C in a humidified atmosphere of 5% carbon dioxide in air.
Materials. CN-A, ISIR-042, ISIR-005 and fusicoccin J (FC-J) were prepared as previously described (19, 25) . PEITC, gemcitabine, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT), N-acetyl-L-cysteine (NAC), trolox, Ferr-1, 3-methyladenine (3-MA), deferoxamine mesylate (DFO), Mito-TEMPO, RPMI-1640 medium and DMEM/F12 medium were purchased from Sigma-Aldrich (St. Louis, MO, USA). 5-(and-6)-Chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA), an acetyl ester, was obtained from Invitrogen (Carlsbad, CA, USA). Z-VAD-FMK and liproxstatin were purchased from Selleckchem (Houston, TX, USA). Q-VD-OPH (QVD) was obtained from Tonbo Biosciences (San Diego, CA, USA). Chloroquine (CQ) and methyl cellulose were purchased from Wako (Osaka, Japan). Necrostatin-1s (Nec-1s) was obtained from BioVision (Milpitas, CA, USA).
Cell growth and viability. Cells were seeded at 1-3x10 4 cells/ml into a 24-well multidish. After being cultured with or without test compounds for the indicated times, viable cells were examined by a modified MTT assay (26) .
Assay of anchorage-independent growth. MIAPaCa-2 or PANC-1 cells (2x10 3 cells/well) were plated in RPMI-1640 medium supplemented with 10% FBS and 1.0% methylcellulose in a 24-well ultra-low attachment multidish (Corning, Corning, NY, USA). Colonies containing 10 or more cells were counted 12 days after seeding.
Measurement of ROS generation. The production of ROS was monitored by flow cytometry with CM-H 2 DCFDA (a derivative of DCF-DA) as a probe. Briefly, MIAPaCa-2 cells treated with CN-A and/or PEITC were incubated with 10 µM CM-H 2 DCFDA in phosphate-buffered saline (PBS) for 30 min. After removing the probe, the cells were incubated in warm culture medium for 10 min. The medium was removed, and the cells were detached with a brief treatment of 0.05% trypsin-EDTA solution. After the addition of fresh culture medium, the cells were collected by centrifugation, washed once with PBS and suspended in PBS. Fluorescence was monitored using a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA).
Statistical analysis.
Values were compared using a two-tailed Student's t-test. Differences between the means were considered significant when P-values were <0.05.
Results

CN-A and PEITC synergistically inhibit the growth of human pancreatic cancer MIAPaCa-2 and PANC-1 cells.
MIAPaCa-2, PANC-1 and CFPAC-1 cells were cultured with or without CN-A, PEITC or CN-A plus PEITC for 5 days. CN-A and PEITC synergistically inhibited the proliferation of MIAPaCa-2 and PANC-1 cells (Fig. 1A and B) . Although PEITC alone, even at a higher concentration (8 µM), inhibited the growth of MIAPaCa-2 cells to ~50% of the control and CN-A (10 µ/ml) alone slightly inhibited the growth of MIAPaCa-2 cells, in the presence of CN-A (10 µ/ml), PEITC at 2, 4 or 6 µM inhibited the growth of MIAPaCa-2 cells to ~50, ~20 or ~10% of the control, respectively (Fig. 1A) . Similar synergistic growth inhibition induced by CN-A plus PEITC was observed in PANC-1 cells (Fig. 1B) . CN-A and PEITC additively inhibited the proliferation of CFPAC-1 cells (Fig. 1C) . In order to determine whether CN-A and PEITC inhibit the proliferation of chemotherapeutic drug-resistant pancreatic cancer cells, we obtained gemcitabine-resistant PANC-1 cells (PANC-1/GR) after a long-term culture in the presence of gemcitabine (final concentration at 100 µM). Although the proliferation of the parental PANC-1 cells was dose-dependently inhibited by gemcitabine, the proliferation of PANC-1/GR cells was not inhibited by gemcitabine, even at 25 µM ( Fig. 2A) . CN-A and PEITC also synergistically inhibited the proliferation of the PANC-1/GR cells (Fig. 2B ).
CN-A and PEITC synergistically inhibit the anchorage-independent growth of MIAPaCa-2 cells.
Since anchorage-independent growth has been correlated with tumorigenic potential, we next investigated whether this combined treatment with CN-A and PEITC effectively inhibits the anchorage-independent growth of these pancreatic cancer cells. Although CN-A (10 µg/ml) or PEITC (5 µM) alone inhibited colony formation by MIAPaCa-2 cells to ~60% of the control, the combined treatment with CN-A and PEITC inhibited colony formation to <5% of the control ( Fig. 3A and B) . CN-A and PEITC also synergistically inhibited the anchorage-independent growth of the PANC-1 cells (data not shown). term culture. Although a 1-day treatment with CN-A (5-20 µg/ ml) or PEITC (2-8 µM) alone did not markedly affect the viability of the MIAPaCa-2 and PANC-1 cells, the combined treatment with CN-A and PEITC for 1 day strongly induced cell death in the MIAPaCa-2 and PANC-1 cells (Figs. 4, 6A and 8 ; data not shown). We determined whether the effects of the combined treatment with CN-A and PEITC for 1 day were sufficient to exert synergistic growth inhibition in a 5-day culture as described above (Fig. 1A and B) . After PANC-1 cells were treated with CN-A (15 µg/ml) plus PEITC (6 or 8 µM) for 1 day, PANC-1 cells were washed and further cultured for another 4 days without CN-A or PEITC (Fig. 5B) . At 5 days, the number of PANC-1 cells after the combined treatment with CN-A plus PEITC for only 1 day was almost similar to that induced by the continuous 5-day treatment with CN-A plus PEITC (Fig. 5A) .
Combined treatment with CN-A and PEITC strongly induces cell death in the MIAPaCa-2 and PANC-1 cells after a short-
Effects of CN-A analogues on the viability of PANC-1 cells in the presence of PEITC.
We next examined whether CN-A analogues and PEITC also cooperatively reduce the viability of PANC-1 cells after a short-term treatment. We previously reported that the synthetic CN-A-derivatives ISIR-005 and ISIR-042, as well as CN-A in combination with certain bioactive agents such as rapamycin and arsenic trioxide synergistically induced antitumor activities in several types of cancer cells, and that FC-J (a CN-A-related natural product) did not exert such synergistic effects (24,25,27,28). As shown in Fig. 6B-D, neither ISIR-005 , ISIR-042 nor FC-J reduced cell viability, even in the presence of 8 µM PEITC for 16 h; however, the combined treatment with CN-A and PEITC cooperatively reduced the viability of the PANC-1 cells (Fig. 6A) . These results suggest that the mechanism underlying the synergistic induction of cell death induced by CN-A plus PEITC differed from the other synergistic combination effects with CN-A, ISIR-005, or ISIR-042 plus other agents as previously reported (24, 25, 27, 28) .
CN-A and PEITC synergistically trigger ROS accumulation in pancreatic cancer cells.
Previous studies demonstrated that increased ROS levels are responsible for the cell death induced by PEITC (9, (12) (13) (14) . We recently reported that the combined treatment with CN-A plus arsenic trioxide-induced growth inhibition in breast cancer MCF-7 cells was significantly reduced by pretreatment with the antioxidant compound NAC (24) . Therefore, we measured ROS levels in CN-A plus PEITC-treated pancreatic cancer cells. We evaluated the effects of the combined treatment with CN-A and PEITC on ROS generation in the MIAPaCa-2 and PANC-1 cells by flow cytometry using 10 µM CM-H 2 DCFDA. MIAPaCa-2 cells were treated with 20 µg/ml CN-A and/or 4 µM PEITC for 4 h. As expected, PEITC-treated MIAPaCa-2 cells exhibited a significant increase (5-fold) in the basal ROS content. We found that the treatment with CN-A plus PEITC resulted in a marked increase (~20-fold) in ROS generation, whereas treatment with CN-A alone resulted in a 2.3-fold increase in ROS generation (Fig. 7) . Similar results were obtained from PANC-1 cells treated with CN-A plus PEITC (data not shown).
ROS scavengers, NAC and trolox reverse CN-A plus PEITC-induced cell death in pancreatic cancer cells.
We subsequently determined whether pancreatic cancer cell death induced by the combined treatment with CN-A and PEITC was dependent on ROS generation and mitochondrial ROS. At 16 h, the CN-A (15 µg/ml) plus PEITC (6 µM) treatment markedly decreased PANC-1 cell viability to ~20-30% of the control, while CN-A alone did not significantly reduce cell viability and PEITC alone reduced viability to ~80% of the control (Fig. 8) . The ROS scavenger NAC (3 mM) almost completely rescued the reduction in cell viability induced by CN-A plus PEITC (Fig. 8A) . Similar results were obtained in MIAPaCa-2 cells (data not shown). Furthermore, another ROS scavenger, trolox (0.3 mM) also canceled the reduction in cell viability induced by CN-A plus PEITC (Fig. 8B) . In contrast, the mitochondrion-specific ROS scavenger Mito-TEMPO (10 µM) only partially canceled the reduction in cell viability induced by CN-A plus PEITC (Fig. 8C) . These results suggest that ROS generation is a cause of CN-A plus PEITC-induced cell death and that mitochondrial ROS production is not sufficient to achieve the maximal cell death activity induced by the combined treatment with CN-A and PEITC.
Combined treatment with CN-A and PEITC activates ferroptosis in PANC-1 cells.
Since it was recently reported that iron-dependent ROS production in Ras-transformed cells activates programmed necrosis in the form of ferroptosis (17), we examined the effects of the ferroptosis inhibitor Ferr-1 (17) . Ferr-1 (1.5 µM) almost completely prevented cell death induced by CN-A plus PEITC (Fig. 9A) . In contrast, it did not prevent cell death induced by higher doses (up to 20 µM) of PEITC alone (Fig. 9B) . Another potent ferroptosis inhibitor liproxstatin (Liprox, 1 µM) (29) also protected PANC-1 cells from CN-A plus PEITC-induced cell death (Fig. 10A) . The co-addition of the lysosomal iron chelator deferoxamine mesylate (DFO; 0.2 mM) (17) fully blocked cell death induced by CN-A plus PEITC, demonstrating the iron dependency of cell death in the PANC-1 cells (Fig. 10B) . Furthermore, increasing lysosomal-free iron levels by co-treatment with iron-saturated, diferric holotransferrin (20 µg/ml) further increased PANC-1 cell death induced by the combined treatment (data not shown). In contrast, inhibitors of other forms of cell death, including apoptosis [Z-VAD-FMK (Z-VAD), 10 µM and Q-VD-OPH (QVD) (30), 20 µM] (Fig. 10C and D) and necroptosis [Nec-1s (31), 20 µM] (Fig. 11A) , failed to suppress CN-A plus PEITC-induced cell death. The autophagy inhibitors (3-MA, 5 mM and CQ, 20 µM) (32) partially prevented cell death (Fig. 11B and C) . Taken together, these results suggest that synergistic cell death induced by the combined treatment with CN-A and PEITC is mainly due to the induction of ferroptosis.
Discussion
PEITC was previously shown to not only prevent the initiation phase of carcinogenesis, but also to inhibit the progression of tumorigenesis. PEITC targets multiple proteins in order to suppress various cancer-promoting mechanisms such as cell proliferation, progression and metastasis (9) . Several mechanisms have been proposed for the anticancer effects of PEITC (12,33-35 ). PEITC is a well-known ROS inducer in cancer cells without any potential adverse effects on normal cells (14, 36) . PEITC has also been shown to activate the generation of ROS, resulting in the downstream activation of apoptotic pathways (13, 14) . In the present study, we demonstrated that a combined treatment with CN-A and PEITC activated a form of cell death that is distinct from canonical, caspase-mediated apoptosis in pancreatic cancer cells. We initially reported that PEITC in combination with CN-A activates an iron-and ROS-dependent form of programmed necrosis, known as ferroptosis (17, 18) , whereas PEITC or CN-A alone cannot induce ROS-ferroptosis pathway-mediated pancreatic cancer cell death.
We recently found that CN-A significantly potentiated the arsenic trioxide-induced inhibition of cell growth in human breast cancer cells and that pretreatment with NAC partially rescued the growth inhibition induced by the combination of CN-A plus arsenic trioxide. The combination of CN-A plus arsenic trioxide also synergistically increased the expression of cleaved caspase-7 in human breast cancer MCF-7 cells and markedly inhibited the expression of survivin (24) . These results suggest that oxidative responses are important events in the corporative inhibition of the growth of cancer cells induced by CN-A and arsenic trioxide and also that the combined treatment with CN-A and arsenic trioxide induces apoptosis in cancer cells. We speculated that the combined treatment with CN-A and ROS inducers induces effective antitumor activity against solid tumors. As described above, since PEITC is a well-known ROS inducer in cancer cells without any potential adverse effects on normal cells (14, 36) , we determined whether the combined treatment with CN-A and PEITC exhibits effective anticancer activity in pancreatic cancer cells. As expected, the combined treatment with CN-A and PEITC synergistically inhibited the growth of pancreatic cancer cells in a liquid culture and semisolid culture (Figs. 1 and 3) . In contrast to the combined treatment with CN-A and arsenic trioxide, CN-A plus PEITC induced robust cell death within 1 day (Figs. 4, 6 and 8) at a dose at which CN-A or PEITC alone failed to induce prominent cell death. The combined treatment with CN-A and PEITC synergistically increased ROS levels. This robust cell death induced by CN-A plus PEITC was completely rescued by ROS scavengers (NAC and trolox) ( Fig. 8A and B) . However, pan-caspase inhibitors (Z-VAD and QVD) failed to rescue CN-A plus PEITC-induced cell death (Fig. 10C and D) . We considered the possibility that CN-A plus PEITC-induced cell death was not due to apoptosis. Additionally, necroptosis was excluded since necrostatin-1s did not rescue cell death induced by the combined treatment (Fig. 11A) . We then explored the possibility of other forms of cell death. Our results were consistent with the recently discovered form of cell death, ̔ferroptosis̓ (17, 18) . Ferroptotic cell death is characterized by the loss of redox homeostasis, enhanced lipid peroxidation, and inhibition by the small molecule ferrostatin-1 (Ferr-1) or iron chelator deferoxamine. Ferroptosis inhibitors (ferrostatin-1 and liproxstatin) and deferoxamine almost completely rescued CN-A plus PEITC-induced cell death (Figs. 9A, 10A and B) . Furthermore, iron-saturated, diferric holotransferrin, which increases lysosomal-free iron levels, further enhanced cell death induced by CN-A plus PEITC (data not shown). Autophagy inhibitors (3-methyladenine and chloroquine) partially prevented combined treatment-induced cell death (Fig. 11B and C) . Thus, we presently consider the combined treatment with CN-A and PEITC-induced cell death of PANC-1 cells to be mainly due to ferroptosis rather than apoptosis and necroptosis.
We previously reported a synergistic interaction between CN-A and rapamycin in the induction of growth arrest in mammary tumor cells (26, 27, 37) and also observed a similar synergistic interaction between ISIR-005 (a synthetic CN-A-derivative), but not FC-J (a CN-A-related natural product), and rapamycin in the induction of growth arrest in mammary tumor cells (27) . We recently found a synergistic interaction between CN-A and arsenic trioxide in the induction of apoptosis in mammary tumor cells, and also observed a similar synergistic interaction between ISIR-005, but not FC-J, and arsenic trioxide in the induction of apoptosis in mammary tumor cells (24) . ISIR-042 (another active synthetic CN-A-derivative) plus some antitumor agents also induced synergistic effects to suppress the proliferation of solid tumor cells including pancreatic cancer cells (28) . Although we expected ISIR-005 and ISIR-042 to also synergistically interact with PEITC and induce ferroptosis, similar to CN-A, ISIR-005 plus PEITC or ISIR-042 plus PEITC failed to induce synergistic cell death (Fig. 6 ). These results suggest that PEITC specifically interacts with CN-A, but not the other CN-A derivatives and induces ferroptotic cell death in pancreatic cancer cells. Since only CN-A among these CN-A and its derivatives contains an epoxide-ring, we determined whether PEITC and an agent that contains epoxide ring(s) have the ability to induce synergistic ferroptotic cell death in PANC-1 cells. We used triptolide, a diterpene triepoxide extracted from the Chinese herb Tripterygium wilfordii with potent anticancer activity against pancreatic cancer (38) , as an epoxide-containing agent. Triptolide and PEITC only additively induced cell death (data not shown). Furthermore, the additive cell death induced by triptolide plus PEITC was not rescued by the ferroptosis inhibitor ferrostain-1 (data not shown). These results suggest that agents containing epoxide do not always synergistically interact with PEITC to induce ferroptotic cell death, and that CN-A and PEITC specifically interact and induce ferroptotic cell death. The mechanisms underlying the interaction between CN-A and PEITC have not yet been elucidated in detail.
In conclusion, we herein demonstrated that CN-A and PEITC cooperatively suppressed growth in pancreatic cells. Our results suggest that CN-A and PEITC induced ferroptotic cell death in pancreatic cancer PANC-1 cells, whereas CN-A or PEITC alone did not. These results suggest that the combination of CN-A and PEITC may become a novel therapeutic strategy against pancreatic cancer.
